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Abstract. We present the first results coming from the observation of Kepler's supernova remnant obtained with the EPIC in-
struments on board théMM-Newtonsatellite. We focus on the images and radial profiles of the emission lines (Si K, Fe L,

Fe K) and of the high energy continuum. Chiefly, the Fe L and Si K emission-line images are generally consistent with each
other and the radial profiles show that the Si K emission extends to a larger radius than the Fe L emission (distinctly in the south-
ern part of the remnant). Therefore, in contrast to Cas A, no inversion of the Si- and Fe-rich ejecta layers is observed in Kepler.
Moreover, the Fe K emission peaks at a smaller radius than the Fe L emission, which implies that the temperature increases
inwards in the ejecta. The 4—6 keV high energy continuum map shows the same distribution as the asymmetric emission-line
images except in the southeast where there is a strong additional emission. A two color image of the 4-6 keV and 8-10 keV
high energy continuum illustrates that the hardness variations of the continuum are weak all along the remnant except in a few
knots. The asymmetry in the Fe K emission-line is not associated with any asymmetry in the Fe K equivalent width map. The
Si K maps lead to the same conclusions. Hence, abundance variations do not cause the north-south brightness asymmetry. The
strong emission in the north may be due to overdensities in the circumstellar medium. In the southeastern region of the remnant,
the lines have a very low equivalent width and the X-ray emission is largely nonthermal.
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1. Introduction The optical knots in Kepler's SNR, which have a low expansion

velocity (Bandiera & van den Bergh 1991), a high density and

The remnants of recent stellar explosions give out a large pgitogen overabundances (Dennefeld 1982; Blair et al. 1991),

of their luminosity in X-rays. The interaction of the high ve o aributed to a circumstellar origin. The measurement in

locity supernova material (ejecta) with the ambient mediufig 4 mer_gominated knot of a large [NII] line width favors a
gives rise to a forward shock moving into the ambient medium,,ihermal broadening in a cosmic-ray precursor (Sollerman
and a reverse shock propagating back into the ejecta (Mckge,| 003). As for the radio emission, it has the same shell-like
1974). Bo_th _shocks compress and_ heat the matte_r. Thus m«‘}rphology as the X-rays with the same north-south brightness
X-ray emission arises from two adjacent medidfedent in -,y mmetry (Matsui et al. 1984; Dickel et al. 1988). Otherwise,
composition, den§|ty and f[emperature: the shocked ejecta %‘E)Ier’s SNR’s type is not clearly established. On one hand, its
the shocked ambient medium. i position above the Galactic planeg00 pc) and its geometrical

At an age of nearly 400 years, Kepler is a young sup&mijlarities with Tycho’s SNR favor a type la progenitor (Smith
nova remnant (SNR) whose X-ray emission is still dominated 51 1989) whereas, on the other hand, optical and infrared
by a thermal spectrum characteristic of shocked ejecta. Itd§servations which reveal the presence of circumstellar mate-
about 200 in angular size. At a distance of abou84 1.4 kpc i) suggest a type |1 progenitor. The light-curve does not allow

(Reynoso & Goss 1999), this corresponds to an angular radtib‘%istinguish between a type | (Baade 1943) and a type II-L
of about 23+ 0.7 pc. This shell-type remnant shows a Str°”9|(5{)oggett & Branch 1985) classification.

asymmetric brightness distribution in X-rays. Well correlated

optical and infrared observations also exhibit an asymmetric Previous X-ray studies have been made on images
emission, with the remnant being notably brighter in the noréind spectra, but always separately. The best images of
and northwest with some structures near the center of the rdtgpler's SNR were obtained with theinstein HRI (White

nant (Bandiera & van den Bergh 1991; Douvion et al. 2004 Long 1983; Matsui et al. 1984) andOSATHRI (Hughes
1999). The upper limit of the energy range did not exceed
Send gfprint requests toG. Cassam-Chena’ 4 keV and no spectro-imaging was available. Spectral studies
e-mail:gcc@discovery.saclay.cea. fr were more numerous. The SSS on boardEhesteinsatellite
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revealed line emission from the He-like species of Si, S and #able 1.Flux loss and pile-up rate in the worst case corresponding to
(Becker et al. 1980). The 1 to 10 keV spectra obtained withe 0.0086 ctérame/pixel of MOS.
the EXOSATand Ginga observatories have shown a strong

iron Ka emission line at nearly 6.5 keV (Smith et al. 1989; _ Flux loss  Pile-up rate
Hatsukade et al. 1990ASCAdata confirmed these facts with Single events 12% Q5%
a better energy resolution (Kinugasa & Tsunemi 1999). From Double events  1a% 5%

these spectra, several models have been tested coupling non-
equilibrium conditions with the hydrodynamic evolution of thdable 2. Fitted centroid energies (in keV) of three prominent line
SNR (Hughes & Helfand 1985; Decourchelle & Ballet 1994lends in Kepler's SNR after CTI correction as from the integrated
Rothenflug et al. 1994; Decourchelle et al. 2000). spectrum. The errors are in the rangg?> < 2.7 (90% confidence

A more specific model (Borkowski et al. 1994) was applie'&"e')'
following Bandiera’s idea (Bandiera 1987) in which the pro

. . ! . SiK SK Fe K
enitor was a massive runaway mass-losing star ejected from
g Y 9 ) MOS1 18606+ 0.0004 24465+ 0.0010 64655+ 0.0050

the Galactic plane. A specific review on Kepler's SNR can quIOSz 18540+ 0.0004 24374+ 00010 64374= 0.0050

found in Decourchelle (2000). pn 18471+ 00004 24304+ 00009 64481+ 0.0028
The new generation satellittéMM-NewtonandChandra  agca 18544 0.002 2445+ 0.003 646+ 0.01

mark a new era in observing capabilities. Indeed, the onboard

technology is made of CCD detectors associated with tele-

scopes allowing combined good spectral and spatial resolidiumn RAWX = 383 from RAWY = 311 to RAWY = 600 in

tion with in addition the capability to collect a large number of,e MOS2 events list.

photons. Furthermore, both satellites are equipped with slitless gacause the source is bright, it is necessary to estimate pile-

gratings giving access to high resolution spectroscopy for poHH (Ballet 1999). The maximum brightness (ir/tramepixel)

or slightly extended sources particularly around 1 keV (arourigjequm to 0.0086 for MOS and 0.0048 for pn. We can estimate

the Fe L complex). These improvements enable us to analygg fiyx loss and the pile-up rate at the maximum brighthess

thoroughly the spectra of small-scale structures of a SNR e results are shown in Table 1. They show that pile-up is

well as to study maps in a given energy band. This kind g enough to alter our results, although the true images would

work has been done for several SNRs: Cas A (Hughes et@{qy slightly more contrast.

2000; Hwang et al. 2000; Bleeker et al. 2001; Gotthelf et al. 14 create light curves, spectra and images, we have selected

2001; Willingale et al. 2002; Willingale et al. 2003), Tychqhe single, double, triple and quadruple events (patterte)

(Dgcpurchelle etal. 2001; Hwang et al. 2002), the Crab Nebyla o Mos cameras, and the singles and doubles (pattéin

(Willingale et al. 2001). o for the pn camera (with FLAG:= O for all cameras). The data

Thanks to the EPIC imaging spectrometers Qfere cleaned from the few flares using the light curves between

XMM-Newton observatory, it is henc,eforth possible 1015 kev for MOS and 1214 keV for pn. Then, the exposure

carry on studying more precisely Kepler's SNR. In this papgfme of the observation amounts to 30 ks for each MOS camera

we intend to draw up maps of the brightest X-ray emissiqty 1 27 ks for the pn camera. Although MOS data were cor-

lines and to lay emphasis on the high energy continuufdcteq for Charge-Transfer Ifigiency (CTI), a spectral shift

Together with this global approach, we present early res%@pending on energy remains (see Table 2). The fitted cen-

coming from a local spectral study of the forward shock. troid energies from the EPIC instruments and ARCAdata
(Kinugasa & Tsunemi 1999) emphasize that a single additive

2. Data reduction or multiplicative factor for each data set cannot be found so that
the individual lines (e.g., Si K, S K and Fe K) can be made mu-

Kepler's SNR was observed on 2001 March 10 using the,y consistent for the various instruments. Moreover, since

XMM-Newton EPIC and RGS instruments. The result ofyere are no absolute position for the line blends due to non-

the RGS analysis is complicated by the large spatial exten, ijiprium efects, we cannot re-calibrate these line blends at
of the source and will be the purpose of a forthcoming papgfoference energy.

Here, we focus only on the photons collected by the EPIC in- Kepler's SNR is contained within the central CCD of the

strgmlents: MOS1, MOS2 and pn. The thick filter has bee_n Us6ts cameras and spread over 4 CCDs of the pn camera re-
to limit the number of low-energy photons and h_ence plle—ugulting in gaps between each CCD. Below 4 keV, we have only
For the pn camera, we have chosen the Iarg(_a window mod%géd the MOS data since we have enough statistics to obtain
order to limit the out-of-time events. The obtained data qua“g?ecise images without gaps. Above 4 keV, the MOS data have
is very good (few flares). We have used the Science Analy Ben combined with the pn’s to remedy the lack of statistics

System (SAS, version 5.3) for data reduction. t higher energy but introducing gaps in the images. Note that

We_ have_ discpvered in the MOS2 d_ata the presence ofia spectral analysis has been carried out over 0.3-10 keV and
few bright pixels in the central CCD which shift and broadea 3-12 keV for MOS and pn, respectively

the spectrum of the whole column (in the readout-out direction)
Containing these bad piXeIS. They eXiSted before the |aunCh Of The result depends on the proportion of X_rays Creating a
XMM-Newtorbut were never detected. Consequently, we hawgarge pattern with pixels callede; in Ballet (1999). Heren; =
removed the entire columns RAWX 273, 276, 277 and the [0.708;0233; 0021; Q038] (from the data, averaged over energy).
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| Table 3. Energy cuts for images.

100

:
Ly 2\
‘." —
Kl

ol Ww’“’ - Spectral feature Energy band (keV)
T Fe L (FexvI) 0.78-0.86
Continuum below line 1.42-1.50
3 T Si 11 He 1.75-1.94
2 Continuum above line 2.03-2.09
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o e Fe Ka 6.18-6.69
8-10 keV continuum 8.10-10.00
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‘ ‘ Above all, this was done for the Fe K image using the surround-
05 " el snay () 5 10 ing continuum, which is well represented with an exponential
model. The method was also applied to the Si K using a power-
Fig. 1. The EPIC spectra obtained for t_he er_1tire remnant (MOS bgyw model. However, one should keep in mind that this method
low and pn above). The energy bands in which we are interested e, rximate since the base level around the Si K line does
indicated in Table 3. not correspond exactly to the continuum level. This method
was not applied to the Fe L line owing to the fact that the con-
In this paper, we did not use a local background to kmuum level is not well known around this line.
subtracted (in the spectra as well as in the images) since The mapped lines are those that have the highest signal-to-
Kepler's SNR is so bright that the background is contamioise ratio above the continuum: SikkFe L and Fe k. We do
nated by the wings of the PSF over the entire field of viemot show maps of fainter lines of S, Ca, and Ar that are present
(FOV). Thus, we have only subtracted a 400 ks astrophysi-the integrated spectrum. They are roughly similar to the map
cal and instrumental background (Lumb et al. 2002) whiaf the Si K line emission.
has been renormalized in the 10-12 keV band for MOS and
12-14 keV band for pn over the full FOV. This backgroun
has been obtained using a thin filter which ifetient from
the thick filter of our observation. However, it does nfieat Figure 2 (top) shows Fe L and Si K adaptively smoothed im-
the lower energy spectrum because it is more than one ordges. All adaptive smoothings were made with the asmooth
of magnitude below Kepler's SNR spectrum at 0.3 keV. Fgrackage of the XMM SAS. Figure 2 (bottom) shows their re-
the following spectral studies (see Sect. 6), we have used #pective deconvolved images to better illustrate the main fea-
method which consists of calculating a weight for each phaires of the SNR. Deconvolved images have been constructed
ton to correct for the vignettingfiect. The chosen on-axis re-using the MOS PSF at 1500 eV (established from the calibra-
sponse files are+_thickv9g20t5r6.all_15.rsp for MOS tion files) and the method is the regularized gradient method
andepn_1w20_sdY9_thick.rsp for pn. with 40 iterations, assuming the noise to be Poisson (Starck
The EPIC spectra extracted from the entire remnant aeeal. 1998). Th&WHM of the PSF is 4.4 arcsec at 1500 eV.
shown in Fig. 1. These X-ray spectra are expected to be the In young SNRs, we expect to see at least tvifedent emis-
combination of at least two optically thin thermal continua plusion zones coming on one hand from the shocked ejecta and on
emission lines coming from highly ionized atoms of the ejectthe other hand from the shocked ambient medium. The X-ray
The first continuum arises from the shocked ejecta and the sentission, crudely proportional to the density squared, mainly
ond continuum comes from the shocked ambient medium.akises from the shocked ejecta which are usually denser than
nonthermal component (due to synchrotron process or nontitee ambient medium and enriched in heavy elements. Thus, the
mal bremsstrahlung) may also be present. ChieflyoHea- brightest emission lines give information on the ejected super-
tures of silicon, sulphur, argon, calcium and the irom ke nova matter.
dominate the EPIC spectra from about 1.4 keV. Below, numer- The comparison between the spatial distribution of Fe L
ous transitions of the iron L lines are blended with magnesiurgmd Si K indicates an overall morphological agreement both
neon and oxygen K lines. At first sight, the overall spectruin the almost spherical fluse emission and in some of the
resembles Tycho’s (Decourchelle et al. 2001). However, it lisightest regions. Indeed, the north-south brightness asymme-
noteworthy that the Fe L complex and the Fe K line respetry of the ring, the bar, the elbow, the western ear, and the east-
tively dominate over the Si and the Ca lines, unlike in Tycho.ern eye are shared by both images. A closer look reveals that
The emission-line images are formed from these spect@me dfferences exist notably at the eastern ear where there
by selecting narrow energy bands. Table 3 gives the enespems to be more Si K than Fe L and at the hand where itis the
cuts chosen for these images. The width of the Si K and Eentrary. We have constructed separately the radial profiles of
K energy bands have been optimized (best signal-to-noise ttee northern (18-170, from west anti-clockwise) and south-
tio) by a method explained in Appendix A.1. We also cleanezin (175-360) parts of Kepler's SNR from the images. These
the images contaminated by continuum contribution with an iradial profiles (Fig. 3) emphasize the strong contrast between
terpolation based method which is described in Appendix Athe north (left panel) and the south (right panel). The north

g. Emission-line images
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Fig. 2. Top-left panel MOS vignetting corrected count rate image of Fe L (780-860 eV band). The data are smoothed with the same temp!
used for the Si K image (Top-rightRottom-left panelFe L deconvolved image in the same bahop-right panel MOS vignetting corrected
count rate image of Si K (1755-1940 eV band). The data are adaptively smoothed to a signal-to-noise raimttohbright panel Si K
deconvolved image in the same band. All images use a square-root scaling. The small black circle in both deconvolved images indicate
center chosen to construct the radial profiles.

emission is exclusively dominated by the northern ring whereidlastrate that the Fe K emission peaks at a smaller radius than
at the south, a large part of the inner emission is due to the edlsé Fe L emission in the north as well as in the south. This tells
ern eye. We also see that both Fe L and Si K spread out furtbsrthat the inner ejecta should be hotter than the outer ejecta,
in the south than in the north. These radial profiles show that tmet not directly by how much. Kinugasa & Tsunemi (1999)
Si K emission peaks at a larger radius than does Fe L: slightlyhave modelled the integrated spectrum of Kepler's SNR with
the north and rather more in the south. It shows that there isthe ASCAdata using two non-equilibrium thermal components
inversion of the Si and Fe layers as detected in Cas A (Hughgth the same abundances for both components but whfbreli
et al. 2000; Hwang et al. 2000; Willingale et al. 2002). Thest temperatures. They found a temperature®68 0.04 keV
clues agree with an onion layer structure (at least for iron aadd 226 + 0.15 keV for the Fe L and Fe K, respectively. Even
silicon) which would have persisted after the explosion. though the Fe K was underproduced with this two-component
.model, this provides evidence for a strong temperature gra-

The comparison between the Fe L and Fe K emissigt

can give information on the temperature structure inside t |eent (a lower limit temperature ratio of6) in the shocked

remnant and on the ionization timescale. Figures 3 ande]é?Cta medium turned inwards of the remnant. We note that
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Fig. 3. Left panel MOS+pn radial profiles of Fe L (solid line), Si K (dashed), Fe K (dotted) and 4-6 keV continuum (dash dot) between 10
and 170 from west (northern ring). The coordinates of the centef3W7415, —21°29 23”) are taken from Hughes (1999). It is marked by the
small black circle in Fig. 2. The radial profiles were built from the vignetting corrected count rate images of Fe L, Si K and 4-6 keV continuum
(background subtracted) and Fe K (continuum and background subtracted) with a step raditsideh radial profile has been renormalized

to its maximumRight panel same as left panel but between 1a5d 360.

constant elemental composition but we should keep in mind
that any variation of the ejecta composition of the dominant
species should alter our interpretation.

Models of SNRs evolution depend on the initial outer den-
sity profiles in the ejecta and the ambient medium. We first
assume that the supernova exploded into a constant density
medium. Two simple cases have been under consideration in
the framework of spherical models. On one hand, the ejecta
density profile may follow a power-law distribution with a con-
stant core (Chevalier 1982) which is appropriate to a type Il
classification (Arnett 1988). In this hypothesis, contrary to the
observations, the ejecta are hotter near the contact discontinuity
(interface between the shocked ejecta and the shocked ambient
medium) than at the reverse shock. On the other hand, an ex-
ponential density profile aims to represent a type la progenitor

1 (Dwarkadas & Chevalier 1998). In this latter hypothesis, the
i e s | shocked ejecta are gradually colder towards the contact discon-
Right ascension tinuity as is observed, but the temperature profile is much too

) . : . ﬂat to account for the required two temperatures of the Fe K
Fig. 4.Fe L contours of the deconvolved image superimposed with t ed Fe L eiecta (t t tioe). The t i
MOS+pn Fe K vignetting corrected count rate image (continuum al‘?cp e L ejecta (temperature ra ', )- The temperature gra-
background subtracted) in the 6180-6169 eV band. The data are adint of the reverse shocked region can be larger when the ex-
tively smoothed to a signal-to-noise ratio of 5. The intensity scaling Ronential ejecta density structure is running into a circumstellar
square-root. medium (Dwarkadas & Chevalier 1998) and is then compatible
with the observatiorfs

In the remnant of Tycho’s type la supernova, the Fe K emis-
an ionization &ect would work in the opposite direction. The?lOn Peaks at a smaller radius than the Fe L (Decourchelle et al.
ratio between the Fe K and the Fe L line strengths should f201: Hwang & Gotthelf 1997) as is observed in Kepler's SNR.
crease when going away from the reverse shock as Fe gets remnants share the property of a higher temperature to-
ionized ward the center in the shocked ejecta medium with a tempera-

}ge ratio of at least 2 (Hwang et al. 1998; Kinugasa & Tsunemi

The temperature increase inwards must be the resultof\ﬁee99 In the framework of an exoonential eiecta profile. thi
remnant’'s hydrodynamics. Hydrodynamical models gi )- w xp al €l profiie, this

the pro_ﬂles of pressure and mas_s dens_ltg as f’:l function of We note that a power-law ejecta density structure running into a
the radius. We note that the profile Bfo is equivalent to the jreymstellar medium would also lead to a temperature slope compat-
temperature profile if the mean molecular weight remains capte with the observations but with a too low temperature to account

stant, i.e. if the abundance of the dominant elements does fa@the Fe K line (Decourchelle & Ballet 1994). So this case is rejected

vary in the remnant. In the following paragraphs, we assuraed no more considered in the following.

ry
@
&
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Declination
w
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requires an interaction with a circumstellar medium. There is :
no observational indication for such a circumstellar medium 20§
around type la supernovae but as discussed in Dwarkadas é f
Chevalier (1998), it has been proposed that in some binary
models of type la the mass loss of the companion can modify
the environment of the progenitor. |

In Kepler's SNR, there is evidence for the presence of a  za0
circumstellar material which has been interpreted in terms of ¢ |
a massive progenitor (Bandiera 1987; Borkowski et al. 1992). £ ®§
If the supernova was a type Ib as suggested by Borkowski © §
et al. (1992) and has a power-law outer density profile, the |
observed higher temperature inwards the remnant would re-  f
quire that the reverse shock has already entered the centre |

plateau. This condition requires that the ejecta mlgsis 51200 §

lower than 3V, taking the parametetslerived from the best |

fit to the ASCA-XTE data (Decourchelle et al. 2000). Me;j > “

3 Mg, the reverse shock would still be in the power-law enve- S

lope, and would give the wrong behavior in FE€ L. Right ascension

The condition that the reverse shock has entered in E’e.S.MOSern vignetting corrected count rate image of the 4—6 keV

plateau sets an “ppef “.m't on the expanspn rate of the S ontinuum. The data are adaptively smoothed to a signal-to-noise ra-
Inde(_ad from the Self_'S'm'lar model of Chevalier (1982)’_ the €Xio of 5. The intensity scaling is square-root. The spectrum of the re-
pansion parameter /8 = (n — 3)/n « logR/logt assuming & gion A1 is shown in Fig. 8. The center of the region Al is"@I"47,
power-law density profile of indexexpanding into a flat ambi- ~21°3039), its radius is~14" and it is ~105’ away from the

ent medium. At mosth = 12 imposes the upper limibh = 0.75 SNR center.

for a flat ambient medium. This value is contradictory with the
results of Hughes (1999) who measures a dynamical evolutid
near free expansiom(~ 0.93). However, it is consistent with
the highest valuen ~ 0.65 found from the radio measurement
(Dickel et al. 1988).

4. High energy continuum

As we see in Fig. 5, the 4-6 keV continuum emission glob
ally looks like the emission-line images except in the southea
where there is a clear limb-brightened profile which broadly

resembles the 21 cm radio image (Dickel et al. 1988; DeLani@y. 6. Left panel Three color image of the Si (blue), Fe K (red),

et al. 2002). Radial profiles (Fig. 3) and the three color image6 keV high energy continuum (green). All images are vignetting
(Fig. 6, left panel) indicate that the continuum emission ogorrected and are smoothed with the template created from the adap-
curs at a larger radius than all the line emission, especiallyliff!y sSmoothed count image of the Fe4-6 keV (signal-to-noise

the southeast. We surmise that the outermost continuum erffle- Right panelMOS+pn two color image of the high energy con-

sion is the signature of the blast wave. The north emissiont'f'suqm: 4-6 keV map in green, 8-10 keV map in red, common areas

h Th h id h re in yellow. Both count rate images are background subtracted, vi-
the strongest. The southeastern side (near the eastern earg fing corrected and are smoothed with the template created from

fines a ridge of emission dominatgd by the presence of a f@y¥ adaptively smoothed 8-10 keV band count image (signal-to-noise
bright features aKMM-Newtonspatial resolution. These fea-of 5). Maps use a square-root scaling with minimum set to 30% of

tures seen wittkMM-Newtorcorrespond to thin curved shocksnaximum.

observed in th€handraimage. The spectrum of the region Al

(cf. small circle in Fig. 5) will be analysed in Sect. 6. Afdse o .

emission region exists at the center of Kepler's SNR toward tl‘?&a"y an indication of th_e shap_e of th?i high energy spectrum.
eastern eye. The southwestern edge is less pronounced tharﬁz1 ons where the contlnuurr_] is flat (in orange)_ are fo_und n
other outer rims. the north, at the shoulder and in the southeast. It is possible that

Figure 6 (right panel) shows that the 46 keV and 8-10 ket@ese regions are responsible for the higher energy emission (up

bands correspond well and that the continuum emission esst(gn20 keV) discovered by RXTE'(Decou.rcheIIe & Petre %999)'
The northern part of Kepler's SNR is the brightest in the

tially arises from an outer ring. It also illustrates how the hard-

ness of the continuum changes all along the remnant and gi%igon and iron maps as well as in the high energy con_tinuum
map (see for example Fig. 6, left panel). At first sight, it may

% Egn(Mo/Mg)?® = 0.53% 10° ergs angho = 0.42 amu cm® fora e due to a dens.ity enhgncemen_t in the ambient medium to-
power-law index of the initial outer density profile in the ejesta 9 Ward the north. Since brightness is proportional to the square
and a flat ambient medium. of the density, such an enhancement would explain the strong
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Fig. 7. Left panel MOS+pn equivalent width image of the Fe K emission. This image uses a square-root scaling. Colorbar is in keV:
purple-blue= 0-1, green= 1-2.7, yellow-orange= 2.7-4.5, red= 4.5-6.7, white= 6.7—7.4. The ratio refers to images smoothed with

the template created from the adaptively smoothed count image of the#6 keV (signal-to-noise of 19). The superimposed contours

(sqrt scale) come from the MOS Fe L deconvolved im&jght panel MOS equivalent width image of the Si K emission. This image uses

a square-root scaling. Colorbar is in keV: blaed-0.2, green= 0.2-0.7, yellow-orange= 0.7-1.1, red= 1.1-1.7, white= 1.7-2.0 The ratio

refers to images smoothed with the template created from the adaptively smoothed count image of-thk &1-KL.50 keV (signal-to-noise

of 19). The superimposed contours (sqrt scale) come from the MOS Si K deconvolved image. Both images indicate the location of the bright
region Al seen in the 4—6 keV high energy continuum image (see Fig. 5).

brightness of the northern rim in all thefidirent energy bands  When focusing our attention in the inner part of the ejecta
that we have selected to construct ourimages. The southeasterned, Fig. 7, left panel), we see that there is no obvious cor-
emission (from the shoulder to the southern ring), which is faintlation between the EQW map and the flux in the Fe K ejecta.
in the emission lines, may essentially be due to a low ambidntparticular the northern rim is no longer dominant in bright-
medium density. To check these assumptions, it is possiblentess. This is an indication that abundance variations are not
map the ratio of the line emission to the underlying continuurthe cause of the north-south brightness asymmetry and im-
i.e. to construct equivalent width maps. plies some dierences in the density of the ambient medium
around Kepler's SNR. This point is consistent with the pres-
ence of dense optical knots in the northern ring (Bandiera &
van den Bergh 1991).

Figure 7 (right panel) shows the Si K EQW. The contrast
We focus on the Fe K and Si K equivalent width (hereaftéetween the center of the remnant and the exterior is less pro-
EQW) for which it is possible to define an adjacent continuurnounced than in the Fe K EQW. The Si K ejecta are found to-
The EQW map reveals the ejecta abundances but depends wiisls the shoulder, near the southwestern edge, at the crossing
on the temperature and on the ionization age. Note that it af$ag and at the western ear (in yellow and red).
assumes that the underlying continuum is related to the lines. Firstly, it shows afresh that the Si K ejecta have been dis-
To construct an EQW image, we have divided the image in thersed to a higher radius than the Fe K ejecta, notably in the
line (background and continuum subtracted) by the underlyisguth. Secondly, the northern rim is not strong and confirms
continuum (background subtracted) (see Appendix A.3).  again that the north-south brightness asymmetry is not caused

Figure 7 (left panel) shows the Fe K EQW. What we sd@ abundance variations. As for the southeastern side of the
is the contrast between the center of the remnant and the @mnant, it presents a lower contrast than in the Fe K EQW be-
terior. The former is associated with the ejecta (high EQV@fuse the Si K extends to a larger radius than the Fe K as shown
and the latter with the forward shock (weak EQW). Hence, thig the radial profiles (Fig. 3, right panel). While the Si K ejecta
confirms that the iron originates from the ejecta. We note thgiission is present in the western ear, the eastern ear does not
the Fe K ejecta are mainly found at the shoulder, the eastsh®w evidence for the presence of ejecta.
eye and below the hand (high EQW). On the other hand, the The search for prominent interstellan features around
southeastern region is extremely faint in Fe K (weak EQW) bKepler's SNR has lead to negative result (Reynoso & Goss
bright in the high energy continuum. 1999). Thus, it is likely that the presence of overdensities in

5. Equivalent width images
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Fig. 8. EPIC spectra of the southeastern part of Kepler's SNR (MOS1 in green, MOS2 in red and pn inlbficganel Best-fit obtained

with the single NEI model where all the elemental abundances are fixed to solar abundances (see Sect. 6.1 and Table 4, fRsgimhodel).
panel Best-fit obtained with the SRCUANEI model (see Sect. 6.2.2 and Table 5, second model). For this model, we have illustrated th
decomposition of the flierent components for MOS1 only. Both images shows the EPIC spectra rebinnedtdob®tter distinguish the
different components but all the spectral analysis was made with a threshold at 3

the north is circumstellar in origin. This is supported by the dénders & Grevesse 1989). In addition to the elemental abun-
tection of slow-moving optical knots-@00 km s?) there that dances, this NEI model embraces the following parameters:
have nitrogen overabundances higher than the solar value i@ temperatur&T and the ionization age. We definer as
factor 4 (Dennefeld 1982; Blair et al. 1991). ft: ne dt, wherene is the electron density and whetieandty

are respectively the age of the SNR and the time when the gas
was shock-heated by the blast wave (setting zero to the explo-
sion date).

In this section, we intend to characterize the spectrum of the . ,
southern regions dominated by strong high energy continuu, With all the elemental abunda_mces held fixed at solar abun-
(4-6 keV and 810 keV) and weak EQW of Si K and Fe K. F nces, absorption along the Ilne—of-S|ght, temperature end
these regions, we attribute the X-ray emission to the shocll@fj'zaﬂon age were freely f_'tted' This results in a poor fit
ambient medium located just behind the blast wave. We wil{ = 128_7 for 607 d.o.f.) which overproduces the lines from
not focus in detail on the modelling of the contribution of th termediate-mass elements (O, Ne, Mg) and underproduces
shocked ejecta which arises in our spectrum. Note that a

e Si line as shown in Fig. 8 (left panel). This shows that at
tailed study of the forward shock all along the southeast ri

6. Spectral study of the forward shock

ast the Si comes from the ejecta. Figure 8 (left panel) shows
would requireChandraspatial resolution also that the centroid energy position of the Si and S lines dif-

Here, we will present the first attempt to characterize tigrs when comparing the model and the data. The best-fit pa-

spectrum associated with the forward shock in Kepler's SNEmeters are given in Table 4 (Solar abundances model).

For this purpose, we have extracted the EPIC spectra (Fig. 8) of Then, we thawed all the elemental abundances (C, N, O,
the bright region Al in the southeastern area (see Fig. 5). Thegg Mg, Si, S, Ca, Fe, Ni) except H and He which were frozen
spectra have a continuum extending till 10 keV with little lino solar abundances. The fit (not shown) is much improved
emission (Fig. 8). Though spatial redistribution of emission(y?= 693 for 596 d.o.f.) provided that the abundances of the
from the brightest regions in the north could contaminate teéements C, N, O, Ne, Ca are close to zero. The best-fit param-
region A1, we find that regions one arcminute from the cesters are given in Table 4 (Free abundances model). The Siline,
ter of the region Al contribute only5% of the flux in Al at better represented, requires a slightly larger value than solar
1.5 keV. Moreover, the spectra of other regions along the souibundance while the S and the Fe are required to be subsolar. It
eastern rim are qualitatively similar to Al's. seems that the Fe is necessary for representing some portion of
the low energy spectrum, although we do not have the spectral
resolution there with the EPIC instruments to clearly identify
individual Fe L lines.

Firstly, we hav hat the X-r mission of the re- -
stly, we have supposed that the X-ray emission of the re Even though the values of the temperature and the ioniza-

ion Al came entirely from the shock mbient medium. . . .
gio came entirely from the shocked ambient med urﬂon age are reasonable, such a model is not consistent with

We applied a single non-equilibrium (NEI) model to the rethe composition of the ambient medium. Nevertheless, it shows

gion Al within XSPEC (version 11.1, Arnaud 1996) freezin .
all the elemental abundances to solar abundances (given%gat the spectrum of the region Al can be reproduced formally

0 Yy with a continuum and lines of Si, S and Fe. So, we re-

4 We grouped the channels of these spectra until we have a sigfdgced the continuum arising from the H and He by a second
to-noise ratio greater thaw3dn each bin. component.

6.1. Single non-equilibrium model
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Table 4. Best-fit parameter values for the fidirent single non- Table 5. Best-fit parameter values for theffdirent two components
equilibrium models using the MOS and pn data all at once. The firsbdels using the MOS and pn data all at once. The subscript 1 refers to
model refers to the NEI model with all elements fixed to solar abuthe hot component (i.e. shocked ambient medium) and the subscript 2
dances. The second model refers to the NEI model with all the etethe cold component (i.e. shocked ejecta). The errors are in the range
mental abundances (C, N, O, Ne, Mg, Si, S, Ca, Fe, Ni) freely fittdg?> < 2.7 (90% confidence level) on one parameter. Quantities in
excepted H and He which were frozen to solar abundances. The septare brackets are held fixed at the given value.

ond model leads to abundances of C, N, O, Ne, Ca near zero. The

errors are in the rang&y? < 2.7 (90% confidence level) on one pa- Parameter Thermal model Nonthermal model
rameter. Quantities in square brackets are held fixed at the given valuekT, (keV) 27 (2.5-2.9) _
71 (1 scnt®) 1.0 (<13) -
Parameter Solar abundances Free abundances a - 0.66 (0.65-0.67)
KT (keV) 28 (2.4-2.8) 3.0 (2.8-3.2) vr (104 Hz) - 2.1(17-30)
r(1®scnm?) 5.0 (4.9-5.3) 8.6 (7.9-9.4) ’;‘T‘”?k‘lev) ggg(g@s‘;(%é‘sf;o) [?35146(8%2 -
Si (Abo) [ 1.6(1.3-18) 7 ?1011 scntd) 3.3 (20-1Q) 33(>1.8)
S (Ah,) [1] 0.4 (0.1-0.7) Si (Aby) 1] [1]
Fe (Ab,) (1] 0.14 (0.12-0.16) S (Ahs) 0.8 (0.4-1.2) 1.3(0.9-1.7)
Norm 6.0x 10 (5.6-6.5) 50x 10*(4.6-5.5) Fe (Ah,) 0.10 (0.09-0.12) 0.11 (0.09-0.13)
Ny (102 cm?)  0.86 (0.84-0.87) 0.30 (0.27-0.33) Normp 15x10°(13-18) 18x10°°(15-20)
x? 1287607 d.o.f. 69596 d.o.f. Ny (10P2cm™2)  0.28 (0.25-0.30) 0.35 (0.33-0.37)
X 701601 d.o.f. 627602 d.o.f.
6.2. Two components models A mean ionization age ¢an be calculated from simple hy-

) . potheses made on our extraction region (region Al). For that
We introduce a second component to allow for theedent |qgion we assume that the integrated volume along the line-
conditions for the lines and for the continuum. On one hangs_gight s a cylinder completely filled with shocked ejecta and
the lines are attributed to the ejecta and thus we introducgd,cked ambient medium. We define the mean ionization age
plgsma composed only of Si, S and Fe at _Iow temperatu;;e.: ¢ he ts Where¢ is a parameter depending on the spatial
This constitutes the cold component for which we fixed tgsiribytion, i, is the mean electron density which depends on
Si abundance to solar abundance and we only thawed the& ijiing factore, i.e. the volume fraction occupied by each

and Fe elements while fixing all the others including H and H& e gium (shocked ejecta and shocked ambient medium) in the
to null solar abundances for the cold component (henceforitggion Al, and is the age of the SNR. Hence,i$ a func-

what counts is only the abundance ratio with regard to Si). TRg, of & andé. In Appendix B, we described in detail how to

temperaturekT, and the ionization age, were freely fitted. computer"and we give general formulae that can be applied

On the other hand, the continuum is attributed to the shocli%dany SNR. Here, we just give a numerical application of the
ambient medium and is associated to a hot temperature plasfgn j1a (B.6) for tr,1e region AL in Kepler's SNR.

For this hot component, we consider two possibilities: another . 1o shocked ambient medium. we derive the following
NEI model or an additive nonthermal component. mean ionization age:

6.2.1. Thermal model #1=3709x 100 £ ;7 sem® (1)
In this model, the shocked ejecta are modelled by a first NEI3{d for the shocked ejecta:

low temperature and the shocked ambient medium by a secchq
NEI at high temperature. All the elemental abundances wefe

fixed to solar valugs. The temperatl®, and the ionization Now, we shall compare the ionization age given by Table 5 and

ager; were freely fitted. the mean ionization ageif our region both for the shocked
The best-fit parameters are given in Table 5 and show thahbient medium and the shocked ejecta. The equality between

the temperature is high-@.7 keV) and the ionization age verythese two estimates must constrain the valug©f/2, i.e. es-

low (=10 s cnT3) for the shocked ambient medium. This isentially the value of the filling factor.

very similar to what was found in Tycho’s SNR (Hwang et al.  For the shocked ambient medium, the lower limitaris
2002). Indeed, in Tycho’s SNR the temperatures of the shocked x 1010 ¢ 511/2 s cnm3 (cf. Eq. (1)). Evenife; = 1 (i.e. the
ambient medium (corresponding ®ehind Rim 1,2,3,4n  shocked ambient medium fills all the volume of the projected
Hwang et al. 2002) are around 2 keV and the ionization agggion of A1), we see that the mean ionization ageannot be
has an upper limit in the range of a few®19cn. lower than 31 x 10%° ¢ s cnTs. Since¢ ~ 1/3 is a reasonable
The parameters derived from our spectral fit give cowchoice (cf. Table B.1 in Appendix B), we see that this lower
straints on the density via the emission measure and the ionitmait value is inconsistent by two orders of magnitude with the
tion age. In the following, we check the consistency betweenluer; = 10% s cnT3 given in Table 5. This demonstrates

these two estimates. that the model representing the shocked ambient medium is not

15708 x 10° £ £, s cm®, 2)
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consistent. If the shocked ambient medium does not fill the emgion Al which is estimated te-0.13Jy from the radio
tire volume of the projected regiod4se 2 in Appendix B.2), map presented in Dickel et al. (1988). To convert the flux at
it increases the lower limit on'which is already inconsistent. 1.35 GHz to the value at 1 GHz, we normalized it by the ratio
Yet, theChandraimage of the 4—6 keV continuum showsf the total radio flux at 1 GHz of 19 Jy (Green 2001) with the
that the bulk of the X-ray emission coming from the region Atotal radio flux at 1.35 GHz of 15 Jy (DeLaney et al. 2002),
arises from filaments corresponding to thin shocks which e8ving Signz = 0.16 Jy.
tend all along the southwest. Then, from a morphological view Then, we froze the 1 GHz radio flux atl® Jy in XSPEC
point, it seems that this X-ray emission arises from a recentpereas, anda were freely fitted. This results in a better fit
shocked ambient medium concentrated in a small fraction @f = 627 for 602 d.o.f.) than the fit obtained with the previ-
the entire volume of the projected region. In that case (¢fus modelwith 2 NEI§? = 701 for 601 d.o.f.). Figure 8 (right
Appendix B.3), Egs. (B.7) and (B.6) leads t = 1.6jé:f7’ x panel) shows the best-fit obtained with the SRGMNEI model
10% &2 5 cnt3. The equality between this mean ionizatio@nd illustrates the decomposition of thefefent components.
age and (cf. Table 5) implies that 5x 1075 < &; < 2.0x107%.  The best-fit parameters are shown in Table 5. The fitted value

We do not know any thermal model that predicts a compressfnthe radio spectral index = 0.66 + 0.01 can be compared

of the shocked ambient medium behind the shock front in suéhthe global spectral index ot + 0.02 (Matsui et al. 1984)
a thin layer, as noted by Vink & Laming (2003) for Cas Afound for the entire SNR and to an estimate of the local value

Hence, it is likely that the X-ray emission arising from this fil2f about 070+ 0.02 taken from the spectral index radio map of
amentary region is nonthermal in origin. Kepler's SNR made by DeLaney etal. (2002). Qur value isf o
For the shocked ejecta, the equality betwee(cf. Eq. (2)) between these .values and pqrtlcularly, the derived upper limit
and, (cf. Table 5) implies that, = 2.1 x 10> ¢2. Thus, of our spectral index = 0.67 is flatter than DeLaney et al's
these ejecta fill a very small fraction of the volume of the ré/_alu_e. We check that fixing ”“? radio flux to 0.16 and the spec-
gion Al. An upper limit (lower) ore; is obtained by taking tral indexe: 10 0.70 make? the f"WOFSﬁ= 1315). The dfer- .
the maximum (minimum) values @ and the minimum (max- ence between our .be.st fit spectral index and the local (spatially
imum) values ofry: 14x 106 & = & < & < & = and spectrally) radio index can be understood because we mea-
2 2 yre the mean slope between the radio and the X-rays. We note

1.1 x 10 £? at a 90% confidence level. These values MUSt - cuch ; tth ¢ dio index st th
be compared t@»crevaier ~ 0.08 calculated from the self- 1At SUch a curvature of the spectrum (radio index steeper than

similar model of Chevalier (1982) af = 9 (power-law in- mean index) is predicted by the non-linear shock acceleration

dex of the initial outer density profile in the ejecta), amel 0 theory (Reynolds & Ellison 1992). .
(power-law index of the initial ambient medium density pro- Hence, itis likely that the emission coming from the for-
file). In Appendix B.2, Table B.1 indicates that other value¥ard shock is nonthermal in origin. However, like in the model

of n and's do not changes chevaiera lot. With & = 1/3, we with two NEI components, the model representing the shocked

havee, = 23x 1076 (¢; = 1.6 x 107, &5 = 1.2x 10°9). Itis €Jectais still not consistent. _ o

hard to imagine how the ejecta could be so clumpy. With such The spectrum of the forward shock in Kepler is similar to
small volumes, the density would be very higla € 80 cnt3)  that observed byChandrain Tycho (Hwang et al. 2002) and
and would induce short cooling timescales60 years) lead- €as A (Vink & Laming 2003). Using a ferent arguments, it

ing to observable optical knots in the southeastern region'$®S &lso argued in these papers that a significant part of the
Kepler's SNR which does not seem to be the case (Bandier®Rectrum behind the forward shock was consistent with a non-
van den Bergh 1991; Douvion et al. 2001). Consequently, tifiermal interpretation. For the fu_ture, the combination of the
model with two NEI components does not lead to a consisténfiandraand XMM-Newtondata will provide a deeper under-

astrophysical model for the spectrum of the region AL. standing and stronger constraints on the regions dominated by
the forward shock emission.

The maximum electron enerdmax can be deduced from
6.2.2. Nonthermal model the rollof frequency, and the magnetic fielB (see Reynolds

. 1/2

We consider now models for which the emission from th& Keohane 1999). Using Table 5, we gEEaX(ﬁ) /
shocked ambient medium is nonthermal. The ejecta com§&'3° TeV. A magnetic field oB = 14 G (Matsui et al. 1984)
nent of this model is the same as in the previous model. A¥€s Emax = 555 TeV. This local value is consistent with
for the shocked ambient medium modelling, rather than chodge 50 TeV maximum electron energy found in Reynolds &
ing a simple power-law, we used a synchrotron radiationfEutéceohane (1999) for the full SNR.
model (called SRCUT in XSPEC, see Reynolds & Keohane
1999) which allows us to describe the synchrotron spectr
including the radio data. This nonthermal model embraces the
following parameters: the 1 GHz radio flux densBygh,, the In the previous nonthermal model (Sect. 6.2.2), the thermal
radio spectral index and the rolldf frequency, (i.e. approx- emission from the shocked ambient medium is not modelled
imatively the frequency at which the flux has dropped by a falgut it must be there. It is possible to estimate its density by
tor of 10 from a straight power-law). adding a third component.

To estimate the local radio flu$;gn; at 1 GHz in the We add another NEI model to this NEBRCUT model
region Al, we used the local radio flux at 1.35 GHz in thby fixing all the elemental abundances to their solar values.

. Three components models
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Moreover, the ionization age, and the normalizatioNormy  Appendix A: Optimization methods for images
of the shocked ambient medium can be computed respecti\égly L .
from (B.2) and from the normalization formula (B.3) as a func- -1. Optimization of the energy bands width

tion of the mean H densityy. Here, we assume thét= 1/3  The width of the energy bands has been optimized by the fol-

and the parametet; is fixed t0 &1 chevaiier = 0.3, value cho- Jowing method: each line and the surrounding continuum are
sen from the Chevalier (1982) self-similar profiles € 9, fitted by the following model (in ctgeV):
s = 0). Once the shocked gas density i5 fixed, 71(fy)

andNormy(fn) are frozen and the data are fitted. We have irﬁj-_N(E) — Py(E) + Bexp(—(E - Eo)z) L RE) A1)
cluded in XSPEC an upper limit on the temperatlisegiven dE 202
by the relationTs = 2 & my v with vs = 23 & ~ 4550 km s* o0

(cf. Appendix B) and then we s@f < Ts = 25 keV. It was 5
found that the third component does not improve the fit. Théfhere Ps(E) = A exp(-BE) or Py(E) = A E7 accord-
the plot of they? curve as a function ai;; gives an upper limit ing to the shape of the continuurR(E) is a reference back-

on Ay, i.e. on the shocked ambient medium density. We firgfound (Lumb et al. 2002) which has been renormalized in the
Ay < 0.15 cnT® at a 90% confidence level which indicated0—12 keV band for MOS and 12-14 keV band for pn. The

that the forward shock propagates in a very tenuous ambi€RgficientsA, 3, B, Eo, o of the model are evaluated by mini-

medium in the southeast. mizing the Cash statistic (Cash 1979). Thus, the wiéih E>]
of each band is determined by optimizing the signal to noise
ratio:
E» E g 1/2
7. Conclusion S/N(Ey, Ep) f G(E)dE/( —(E)dE) . (A.2)
El El dE

The XMM-Newtonobservation has yielded several new results
on Kepler's SNR. Observational facts and their astrophysical2. Continuum subtraction

interpretations are summarized here: )
We can take advantage of the above method to clean line-

images from the continuum contribution.
— The Si K line emission extends to a hlgher radius than the Our goa| is to obtain an image of the continuUr(‘g) (NhICh
Fe L line emission, notably in the southern part of the reMes under the emission-line in the energy baﬁj’ EZ] that
nant. It indicates that there is no inversion of the Si angjj| be subtracted from the initial emission-line image. For that,
Fe layers. we use two continuum bandg], E;] and [E], Ej] located on
— The Fe K line emission peaks at a smaller radius than tBgher side of the line band. These two bands are chosen so that
Fe L line emission in the north. It is a clue for a higheghe continuum is not contamined by nearby lines. Due to the
temperature inwards the remnant. poor statistics, it is not possible to have directly the shape of
— The 4-6 keV and 8-10 keV images show that there are fgie continuum in each pixei, (j). So, we first assume that the
variations in the hardness of the continuum over the re@hape of the continuum remains constant over the SNR.
nant, except in a few features. Then, the underlying continuum image in the band
— The asymmetry in the Fe K emission-line is not associat?gl’ E2] will be a linear combination of the background_
with any asymmetry in the Fe K equivalent width mapsuptracted continuum imagés and1; in the bands;, E;]
Hence, the abundance variations do not cause the noghg [E, E;], respectively. Formallyy(i, j):
south brightness asymmetry. The strong emission in the
north may be due to overdensities in the ambient mediuha(i, J) = 1a¢ 1c(, ) + (1= 2) g 1£(, )) (A.3)

As for the southeastern region of the remnant, it has a vely . . the normalisation céieients e-.) and the weight
c™rc

low elqu_lvalent width. The Si K maps lead to the samg ¢ [0,1] are determined from the spectrum integrated over
conclusions. S he entire SNR as described below.
— The spectrum of the southeastern rim indicates that the We compute once and for all the normalisationfio@Ents
emission of the shocked ambient medium is likely to t;iyd_ = Ny /D; and af = N, /Dt whereD; (D7) is the
H H H c - 0 Cc c - 0 C C Cc
mostly nonthermal there. If this is true, the H density easured background-subtracted continuum counts in the band

:Eznsgolcgecismbient medium in that region must be |OW@I’ E, ] (LE;. E3]). The number of counts; in the modelled
' ' continuum of slopgs is defined bnyEl2 Ps(E)dE in the energy

band E1, E2] (NV; andAj in the bandsk], E;] and [E], ES],

. 5 . -
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to be the least sensitive to spectral variations, i.e. to variatioive first calculate the mean electron density$ a function of
of g within the model (A.1). In each pixel,(j), we suppose the mean H densitgi by:
that the modelled continuum has a sl@{e j) (= B8 hereafter). .
Then, in each pixel, the proportions betwdenl;, 17 should Mle = (Z 2 ABIADo i)
follow those between, N, N;. But, from Eq. (A.3)/c will . _
follow: wherez is the number of electrons lost by the atoffully or

o - partly ionized) A andAh,; respectively the abundance with
Cp=dag Ny +(1-2) g Ny (A.4)  respectto solar used by XSPEC and the solar abun8aftee

By construction, we haveS;, = Aj, V¥ 4, if the spectral €lementi, i = {H, He C, N, O, Ne, Mg, Si, S, Ca Fe Ni}.
model Py is a good representation of the data. To ensure tHdt€". from the normalization formula given in XSPEC, we can

this equality remains true for small spectral variations, widuce the mean H density:
choose the weight such that: 47 D? Norm )1/2 -

(B.2)

Ay =

(d(Cs - Np)/dB) = 0. (A5)  \10V T zAbAh,,
peee whereD is the distance to the source (in cniorm the nor
However, the solution of Eq. (A.5) may give too much weight malization value given by XSPEC anthe emission volume

o the continuum map which has the lower statistics so trWﬁich projects onto the local extraction region (we shall ex-

,[Stit'stﬂcal flluct(t;lan_o ns greEam'pA)\llged. T‘? da\éotlr? :T:feet we é)lain below how to estimate the local volura@. Henceng is
ake the value ol given by Eq. (A.5) provided that the varianc Falculated with (B.2) using (B.3).

. N . -
of Eq. (A.3) is lower than 10% of the variance of the initia If the spatial structure is known (from a model), it is pos-

emission-line. This is equivalent to: sible to evaluat&. The ionization age should be estimated by
Ve =[1ag]? N + [(1 - )ai]> N* < 0.1 Njne (A.6) averaging over emission measure (see Kaastra & Jansen 1993
whereN~ (N*) is the total number of counts (i.e. with the backs _

_ _ f 7(r) ne(r)? r2 dr] / [f ne(r)? r? dr
ground) in the continuum bandf, E;] ([E;, E5]) and Nine
the total number of counts in the line iftf, E]. If the proce-  gnq the mean electron density from the emission measure

dure gives higher variance, then we choose the closesm- 12
ible with the constraint on the variance (i.e. we give higher 2.2 2 !
patl €. fil = f ne(r)? r2 dr f r2dr|] . (B.5)
so that¢ = 7/(fe ts). For referencer andri, can be computed

weight to the continuum band with better statistics).
A.3. Equivalent width image using a self-similar rtlydrodynamical model (Chevalier 1982).
he i \ation based method 5o b q In Eq. (B.4),7(r) = ftozr) ne(t) dt whereto(r) is the time when

E Q?/\I/nitg;%oezt\ll(\?i?h si)srie \r;;?;[ar?ts can also be used to ConSt%J%ass element located at the positiat ts was shock-heated

To build an EQW image, we Have divided the image in thb the blast wave. In Eqgs. (B.4) a_nd (B.5), the integratiop is
line (background and contir;uum subtracted) by the underlyin ade over the volume of the considered shell (shocked ejecta

: 8Pshocked ambient medium). Table B.1 gives some valués of

continuuml (background subtracted) Bg.

Because of such an operation, the statistical quctuatiofor different values of the power-law indexof initial outer
P ' gnsity profile in the ejecta and the power-law indexf the

can be strongly amplified. So, we must insist on the stati 'ﬁ-ﬁial outer density profile for the ambient medium.
cal aspect rather than on the spectral aspect. In that case, the

parameten of the | image used for dividing is calculated so
that the relative erron/V¢/Nj, (see Sect. A.2) is at most of B.2. Volume estimation
the same order as the relative error on the initial emission-li

spectrum 1 vNine.

(B.3)

(B.4)

p|eere, we intend to describe how we estimate the emission vol-
umeV which projects onto the local extraction region. This

estimation depends on the local geometry of the SNR but can
Appendix B: Mean ionization age computation be treated with a global model depending on the situation en-

Here, we present the method used for computing a mean iSHyntered. .

ization age in the aim to check the value of the ionization age Two cases should be considered:

obtained by the spectral fit. 1. The first one corresponds to the situation in which the pro-
jected region is contained between the forward shock and
the reverse shock radii (respectivelyandr,) of the pro-
jected shell of the entire SNR.

We can write the mean ionization agea$ a function of the 2. The second one corresponds to the situation in which the
mean electron density. Which is determined from the obser-  shocked ejecta and the shocked ambient medium partially
vation, the age of the SNR and a parameter depending on fill the volumeV which projects onto the local extraction
the spatial distribution, so that region.

B.1. General method

T=E¢Rets (B.1) 5 For solar abundancey; zAg Ah,; ~ 1.21.
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Table B.1.Normalized emission-measure averaged ionization paraggual toe1 chevalier = (rg - rg’)/rg. On the other side, the filling
eters £, and¢,) and filling factors £; chevaiier and £2chevalied in the  factor of the shocked ejecta is equaki@nevaiier= (r3—r3)/rs.
self-similar model of Chevalier (1982) forftrent values ofi ands.

nis the power-law index of the initial outer density profile in the ejecta

andsthe power-law index of the initial ambient medium density proB-3. Recently shocked gas

file. s =0 corresponds to an homoge_neous amb'?'“ medsusg to The thermal fits (cf. Sect. 6.2.1) result in very small ionization
an ambient medium modified by a wind ase: —1 simulates a dense

shell in the ambient medium. The paramet@randé; are calculated ager. This could happen if the X-ray gas was very recently
using Egs. (B.4) and (B.5). It is not possible to give the valug;of Shocked. _

andé, for s = 2 because in that case both ionization age and density We assume that the speed of the shadk constant on the
profiles increase to infinity as they approach the contact discontinufiyne scalet ts wherets is the SNR age. Let be the mean am-
bient density an€ the compression ratidX > 4). The amount
Shocked ambient medium  Shocked ejecta of shocked ambient medium matter in the region AQi% eV

n s & £1 Chevalier &2 E2Chevalier whereV is the volume that we integrate along the line-of-sight

7 0 034 0.39 0.35 0.11 in the considered region arda filling factor (see Sect. B.2).

9 0 031 0.32 032  0.08 Itis alsoS vs & ts ng whereS is the surface encountered by the
12 0 029 0.29 030  0.05 shock in the region Al. By taking an upper lin8t,z on the

72 - 0.54 - 0.04 surface shocked by the blast wave, we obtain a lower §mit

. - 0.49 - 0.03 oné. With Spax = 4ray r's wherera; = D a1 is the radius of
12 2 - 0.46 _ 0.02 the projected region Al ang the shock radius, we obtain:

7 -1 0.28 0.34 0.28 0.14 !

9 -1 0.23 0.28 0.24 0.10 D Os 2 Oa1 -1
12 -1 o021 0.25 0.21 0.06 émin = 4.97x 10° (Wpc) (1—) (1)

-1
x (t—s) (L) Ce0e (B.7)
Case 1: The volumeV that we integrate along the line-of- lyr 1kmst

sight in the local region is always a cylinder full of shockeghis equation shows thais geometrically related to the filling
ejecta and shocked ambient medium whatever is the positiggtore (cf. Sect. B.2J. A small value of implies a very small

of the reverse shock. So the fact that we use local or globmh‘]g factor especia”y as we took a rough upper limit on the
parameters to estimate the volume which projects onto the logg}faces.

extraction region does not matter.

The volumeV can be computed as a function of the overall
volume of the SNR considered as a filled sphere whose radiid
rs = D 6s is given by the position of the forward shéckVe Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53,

erences

definea so thatV = « 3r (D 6s)°. Afterwards, we correct 197
by a filling factore < 1 which takes into account the volumeArnaud, K. A. 1996, Astronomical Data Analysis Sofware and
fraction filled by the shocked gas (ambient or ejecta). Systems V, ed. G. Jacoby, & J. Barnes, ASP Conf. Ser., 101, 17

rnett, A. D. 1988, ApJ, 331, 377
aade, W. 1943, ApJ, 97, 119
Ballet, J. 1999, A&AS, 135, 371
i g \-3/2 D \"12 Bandiera, R. 1987, ApJ, 319, 885
2 - 92x 10l (s (_S) ( ) Bandiera, R., & van den Bergh, S. 1991, ApJ, 374, 186
(1 yr) 1”7 1 kpc Becker, R. H., Boldt, E. A., Holt, S. S., Serlemitsos, P. J., & White,

In this configuration, the mean ionization age usir@
Egs. (B.1), (B.2) and (B.3) becomes:

1/2 ¢ N. E. 1980, ApJ, 237, L77
x| Norm Z zAbAb,; ——5 S cnis. (B.6) Blair, W. P, Long, K. S & Vancura, O. 1991, ApJ, 366, 484
i (e @) Bleeker, J. A. M., Willingale, R., van der Heyden, K., et al. 2001,
A&A, 365, L225
Borkowski, K. J., Blondin, J. H., & Sarazin, C. L. 1992, ApJ, 400, 222

Case 2: In that case, Eq. (B.6) is still valid but we apply &zorkowski, K. J., Sarazin, C. L., & Blondin, J. H. 1994, ApJ, 429, 710
filling factor & which takes into account the average propertiessh, w. 1979, ApJ, 228, 939

of the SNR. Chevalier, R. A. 1982, ApJ, 258, 790

Table B.1 gives some values of filling factors calculated Becourchelle, A., & Ballet, J. 1994, A&A, 287, 206
the framework of the self-similar model of Chevalier (1982pecourchelle, A., & Petre, R. 1999, AN, 320, 203
averaged over the remnant. Lrgtbe the radius of the forward Decourchelle, A, EIIison,_ D. C., & Ballet, J. 2000, ApJ, 543, L57
shock, the radius of the reverse shock radius agithe radius Decouchelle, A. 2001,_ in Proc. of Young Supernova Remnants,
of the contact discontinuity. The filling factor of the shocked Eleventh Astrophysics Conf., ed. Holt & Hwang, AIP, 565, 257

. . S helle, A., S t, J. L., Audard, M., et al. 2001, A&A
ambient medium is given by the geometry of the shell and is nggcl_ezfé » SaNVageot » Audard, M., et a ' '

6 For Kepler's SNR, we sét = 120’ from the 4—6 keV continuum 7 Using Kepler's SNR parameters in the region Bl = 4.8 +
image by choosing the same coordinates center as in Hughes (1999).kpc, s = 1207, 6 = 147, ts = 400 yr,vs = 4550 kms?,
This angular radius correspondsrto= 2.8 + 0.8 pc. a = 0.008,Q = 4 leads to the lower limify, ~ 0.43¢ + 0.13.
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